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THERMOPROTECTIVE COMPOSITIONS OF
PKG PATHWAY INHIBITORS AND METHOD
OF USE THEREOFK

CROSS-REFERENCE TO RELATED
APPLICATION

The application claims priority to U.S. Ser. No. 60/723,
527, filed Oct. 4, 2005, the entire disclosure of which 1s

incorporated herein by reference.

FIELD

In one of 1ts aspects, the present invention relates to aneural
thermoprotective composition. In another of 1ts aspects, the
present ivention relates to a method of treating a medical
condition using a neural thermoprotective composition. In yet
another of 1ts aspects, the present invention relates to a
method of providing neural thermoprotection.

BACKGROUND OF THE INVENTION

Over the past few years, extreme summer temperatures
have caused an alarming increase in deaths due to hyperther-
mia. Flevated body temperatures lead to seizures, respiratory
distress, brain damage and death (Glazer, 2003). The time
between hyperthermic neuronal failure and cell death and
permanent thermal damage 1s brief (Iryba and Ramirez,
2004). Because neural output failure occurs before permanent
thermal damage (Tryba and Ramirez, 2004), this narrow win-
dow of time 1s available for the protection and recovery of
neural circuit function until return to normal temperatures.
Fast neural recovery allows the hyperthermic individual to
resume normal pulmonary and cardiac functioning.

As will be outlined further below, 1t 1s known that the
cGMP-dependent protein kinase G (PKG) pathway may
modulate neural potasstum (K +) channel activity, and that K+
channel activity may be imnvolved 1n neural thermoprotection.
The involvement of Nitric Oxide (NO) 1n heatstroke has also
been demonstrated, although the nature of this mvolvement
has not been clarified. However, due to the multiplicity of
other enzyme pathways which modulate K+ activity and the
multiplicity of other channels and other systems which modu-
late neural thermal response, any relationship between the
PKG pathway, K+ channel activity and NO has not been
clearly demonstrated.

The PKG enzyme pathway 1s known, and an outline of the
PKG pathway as i1t 1s involved 1n 10n channel regulation 1s
provided to assist 1n understanding;

Briefly, nitric oxide (NO) 1s produced by various NO syn-
thases (NOS), some of which are activated by a rise 1n intra-
cellular Ca2+. Many NO etlects are mediated through direct
activation of the soluble guanylyl cyclase (sGC), an enzyme
generating the second messenger cyclic guanosine-3',5'-
mono-phosphate (cGMP). sGC 1s stimulated by NO to cata-
lyze the formation of cGMP. cGMP 1s a cyclic nucleotide
second messenger with effects on many pathways, one of
which 1s the cGMP-dependent protein kinase (PK(G) enzyme
pathway. PKG 1s an enzyme that transiers a phosphate group
from ATP to an intracellular protein, increasing or decreasing
its activity.

Both the DNA sequence and protein function of PKG are
conserved across the animal kingdom including mammali-
ans. PKG genes have been 1solated from various animals
spannming a wide variety of taxa ranging from humans (Sand-
berg et al., 1989) to even the malaria-causing protozoans
Plasmodium falciparum (Gurnett et al., 2002). The protein
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phylogenetic analysis using 32 PKG sequences that include
19 species has shown the highly conserved link between PKG
and behaviour 1n fruit flies, honey bees and nematodes (Fitz-
patrick et al., 2004).

It 1s known that PKG may modulate neural 1on channel
activity 1.e. neural potassium (K+) activity (Renger, 1999). A
variety ol mechanisms for this effect have been suggested,
ranging from direct phosphorylation of the K+ channel by
PK G, to the opposing indirect dephosphorylation of the K+
and other channels by phosphatases such as PP2A, which are
themselves activated by PKG phosphorylation (Schiffmann
etal., 1998; Whiteetal., 1993; White, 1999; Zhouetal., 1996;
Zhou et al., 1998). It has been suggested on theoretical
grounds that future work 1n the area of regulation of the PKG
pathway might yield some neuroprotective eflects but no
supporting evidence was provided (Jayakar and Dikshit,
2004).

Effects of cGMP inhibitors on neural 10n channels were
proposed to lead to pain relief compounds (Liu et al., 2004).

Most research on 1on channel direct phosphorylation
focuses on the enzyme PKA, which 1s known to modulate
many 1on channels (Wang et al., 1999; Zeng et al., 2004).
PKA often functions 1n opposition to PKG, but may function
in the same direction.

There 1s extensive literature related to PKG’s known roles
in the regulation of smooth muscle and other non-neural
tissues, where 1t may modulate 1on channels. A significant
amount of medical and pharmaceutical publications relate to
such drugs as sildenafil (Viagra) and nitroglycerine for treat-

ment of penile dystunction or angina (Corbin and Francis,
1999; Patel and Diamond, 1997).

U.S. Pat. No. 6,300,327 to Knusel et al. teaches composi-
tions and methods for use 1n modulating neurotrophin activ-
ity. Neurotrophin activity 1s modulated by administration of
an effective amount of at least one compound which potenti-
ates neurotrophin activity. This patent specifically teaches the
potentiation of NT-3 by K'T5823, and suggests that this poten-
tiation provides a model for therapeutic intervention in a
variety ol neuropathological conditions.

U.S. Pat. No. 6,451,837 to Baskys teaches inhibition of the
mitogen-activated protein kinase (MAPK) cascade that can
lead to nerve cell death. In this context, Okadaic acid, an
inhibitor of protein phosphatase was found to increase nerve

cell death.

U.S. Pat. No. 6,476,007 to Tao et al. investigated the role of
the NO/cGMP signalling pathway 1n spinal cord pain.

It 1s known that K+ channel activity may be involved 1n
neural thermoprotection. As canvassed further below, exist-
ing literature has considered what happens to neural function
during heat-induced malfunction; mechanisms known to pro-
vide heat tolerance, such as induction of the heat shock genes
and proteins; and mvestigations 1nto a direct mechanism for
neural thermoprotection by K+ channel modulation.

Abnormal K+ concentrations have been associated with
various neural failure scenarios such as spreading depression,
ischemia, diabetic coma, and hyperthermia (Somjen, 2001;
Somjen, 2002).

Recent research by one of the inventors suggests that prior
stress down-regulates neuronal K+ currents leading to ther-
mal protection (Robertson, 2004 ). This was based on findings
that prior heat shock provides protective effects against future
heat shock and that neuronal K+ currents are effected by prior
heat stress (Ramirez et al., 1999).

Other mvestigations have suggested that K+ channels are
involved in neural excitability in response to other stresses
such as reactive oxygen (Wang et al., 2000).
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It 1s known that Nitric Oxide (NO) 1s involved in heat-
stroke. NO 1s a pervasive signaling mechanism 1n the body.
One of 1ts functions 1s to stimulate the PKG pathway, but this
1s only one of the many routes by which 1t acts. For instance,
NO may be directly toxic to cells, or 1t may modulate cGMP-
dependent 1on channels without the involvement of PKG.
Thus, prior art showing a correlation of heatstroke with brain
NO production does not establish the involvement of the PKG
pathway.

For example, NO was shown to be elevated in heatstroke
rats (Canim et al., 1997) but a mechanism of involvement in
heatstroke was not demonstrated. More recently, it was
shown that prior treatments such as Naltrexone, an opiate
inhibitor, could reduce NO production during heatstroke,
with some beneficial effects such as reduction of body tem-
perature (Sachidhanandam et al., 2002). However, neural pro-
tection was not 1dentified as a possible application. Nor was
the treatment rapid or responsive to an existing condition: it
required administration before heat application.

U.S Pat. No. 6,511,800 to Singh teaches methods for the
inhibition of inducible nitric oxide synthesis and the produc-
tion of NO, and treating of nitric oxide or cytokine mediated
disorders.

U.S. Pat. No. 5,990,177 to Brown teaches methods and
compositions for stimulating cellular NO synthesis, cGMP
levels and PKG activity for the purposes of treating diseases
mediated by deficiencies 1n the NO/cGMP/PKG pathway.
Brown does not implicate this system 1n the treatment of
hyperthermic conditions.

In another study, an inhibitor (L-NNA) of NO synthesis
administered prior to heat exposure provided small protective
elfects against febrile convulsions, which the authors attrib-
uted to reduction of the directly neurotoxic effects of NO
(Klyueva et al., 2001). Again, this 1s an example of prior
treatment, modest protective effects, and no implication of
the PKG pathway. Klyueva et al. point out that published data
on the role of NO 1n the pathogenesis of seizures are contra-
dictory: both the anti- and proconvulsant effect of NO have
been reported.

Indeed, another study of inhibitors of NO synthesis showed
that these reduced heat tolerance (Camimi et al., 2001).
Another study concluded that NO did not have a pathogenic
role 1n heatstroke at doses given in the study (Gulec and
Noyan, 2001). More recently, the inhibitor of NO production
aminoguanadine was shown to have some protective effects
against heatstroke-induced intracranial hypertension and

cerebral 1schemic injury by inhibition of cerebral iINOS-de-
pendent NO (Chang et al., 2004).

It has further been observed that NO and ¢cGMP may be

involved 1n thermosensing and thermoregulation, 1.e. control
of body temperature (Gerstberger, 1999).

There are known ftreatments for hyperthermia. For
example, U.S. Pat. No. 6,846,845 to Takahashi et al. teaches
a heat shock protein inducer, which induces heat shock pro-
tein 1n the heart, for preventing or treating 1schemic disease or
1Ischemia/repertusion injury. As pointed out in the patent, heat
shock proteins are a family of endogenous protective proteins
generated 1n response to stress, including hyperthermaa.

Hyperthermia 1s currently treated by chilling the person
sulfering from hyperthermia. This treatment may be 1nsuili-
cient or too late, however, to trigger the neurological recovery
necessary to keep the basic systems of the body functioning.

In nature, heat shock protein synthesis protects organisms
from sustained high heat conditions over a matter of hours
and days. There are currently no therapeutic compounds to
prevent hyperthermia, particularly 1n the short term.
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The primary therapy of heatstroke 1s cooling the patient.
The traditional cooling methods such as ice water soaks,
immersion 1n i1ce baths, and use of cooling blankets as well as
application of ice to the groin, neck, and axilla have been used
as cooling modalities in heatstroke. Cooling heatstroke
patients using these modalities mvariably leads to shivering.
Diazepam 1s the drug of choice to decrease shivering and at a
dose of 5-10 mg intravenously, abolishes shivering reflexes
during cooling. Chlorpromazine (10-25 mg administered
slowly 1V) also has been recommended to reduce shivering
during cooling. Unfortunately, because chlorpromazine may
cause hypotension and arrhythmaias, and decreases the se1zure
threshold, it 1s considered a second-line agent (after diaz-
epam) for controlling shivering associated with cooling.

Dantrolene 1s the treatment of choice for malignant hyper-
thermia and has been proposed as a treatment for heatstroke
(administered at 1 mg/kg). The mechanism of action appears
to mvolve 1nhibition of calcium release 1n skeletal muscle.
The major side effects are muscle weakness and nausea.
Although efiective, studies have shown that there was no
significant difference in the number of hospital days in the
control and dantrolene treated groups, and mortality and mor-
bidity rates were unchanged. The overall prognosis of heat-
stroke depends on how fast the cooling therapy 1s applied to
the patients.

Treatment of febrile seizures traditionally consists of con-
tinuous or mtermittent therapy with anticonvulsants or no
therapy. Anticonvulsants have not been proved to prevent
subsequent development of febrile seizures nor 1s there any
evidence that febrile seizures cause structural or cognitive
damage. Carbamazepine and phenytoin have not been shown
to prevent recurrence, whereas phenobarbital reduced the
incidence of febrile seizures from 25 per 100 children to five
per 100 children. However, hyperactivity and hypersensitiv-
ity reactions can occur with this drug. Valproic acid 1s con-
sidered as effective as phenobarbital 1n preventing recurrence
but 1s associated with several potentially serious adverse
elfects, such as thrombocytopenia, weight changes and fatal
hepatotoxicity. Intermittent treatment may include diazepam,
which 1s associated with a 44 percent reduction in risk per
patient year. However, 1ts sedative effects can obscure signs
and symptoms of a developing central nervous system iniec-
tion. Antipyretics have also been used to prevent recurrence,
but studies show that they do not have this effect.

SUMMARY OF THE INVENTION

It 1s an object of the present invention to obviate or mitigate
at least one of the above-mentioned disadvantages of the prior
art.

Accordingly, 1n one of its aspects, the present ivention
provides a neural thermoprotective composition comprising a
pharmacological inhibitor of the PKG pathway.

In another of its aspects, the present mvention provides a
method of treating a medical condition in a patient, which
comprises administering to the patient a therapeutically
elfective amount of a neural thermoprotective composition
comprising a pharmacological inhibitor of the PKG pathway.

In another of its aspects, the present mvention provides a
method of providing neural thermoprotection to a patient
comprising administering to a patient a therapeutically effec-
tive amount of a pharmacological inhibitor of the PKG path-
way.

In yet another of 1ts aspects, the present invention provides
the use of a neural thermoprotective composition that
includes a pharmacological inhibitor of the PKG pathway to
treat a medical condition.
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In yet another of 1ts aspects, the present invention provides
the use of a pharmacological inhibitor of the PKG pathway to
provide neural thermoprotection.

BRIEF DESCRIPTION OF THE DRAWINGS 5

Embodiments of the present invention will be described
with reference to the accompanying drawings, wherein like
reference numerals denote like parts and 1n which:

FIGS. 1 to 2 illustrate hyperthermic failure of both behav- 10
iour and NMJ synaptic transmission in 3" instar for”, for® and
for** Drosophilia larvae.

FIGS. 1A and 1B illustrate hyperthermaic failure of evoked
excitatory junction potential (EJP) failure at the NMLJ.

FIG. 2 illustrates the correlation between genotype and 19
higher temperature at behavioural failure of mouth hook
movement.

FIG. 3 illustrates motor pattern failure with increasing
temperature of the ventilatory rhythm 1n adult locusts 1n pre-
treated (25 nl of saline [control] or KT5823 10 min. before <Y
temperature ramp) and acutely treated (25 nl of saline [con-
trol] or KT5823 ~3 min. before failure during temperature
ramp) animals.

FIG. 4 illustrates sample traces of the ventilatory rhythm
recorded from an abdominal expiratory muscle in control and

KT5823-treated locusts.

FIG. 5 1llustrates recovery time of ventilatory motor pat-
tern after failure in locusts.

FIGS. 6 to 7 illustrate motor pattern failure and recovery
with increasing temperature of the ventilatory rhythm 1n adult
locusts. Experiments were performed on animals with [HS,
N=7] or without [No Heat Shock (NHS), N=6] a 3 hr. heat
shock pretreatment at 45° C. (1 hr. recovery) in untreated and
1 uM KT5823-pretreated [HS, N=5; NHS, N=8] prepara-
tions.

FIG. 6 illustrates the percentage of animals with arrhyth-
mic events during temperature ramp.

FIG. 7A 1llustrates the increase 1n thermotolerance of neu-

ral function with reduction 1n either PKG activity (1 uM 4
KT3823) or PP2A activity (1 uM Canthardin). Activation of

PKG using 40 uM 8-Bromo c¢cGMP did not increase the ther-
motolerance of the circuit, but abolished the protective effects

of heat shock preconditioning. The PP2A 1nhibitor Canthari-
din counteracted the effect of 8-Bromo cGMP 1n HS animals 45
thereby inducing maximal thermotolerance. —-CAMP, +cGMP
and +Canth correspond to cAMP inhibitor (1 M
Rp-cAMP), cGMP agonist (40 uM 8-Bromo c¢GMP) and
PP2A inhibitor (1 uM Canthardin). FIG. 7B illustrates recov-
ery time of the motor pattern upon return to room tempera- s
ture.

FIG. 8 1llustrates sample traces of the ventilatory rhythm
recorded from an abdominal expiratory muscle 1n a control
locust.
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DETAILED DESCRIPTION

Elevated body temperatures can lead to seizures, respira-
tory distress, brain damage and death (Glazer, 2005). The
time between hyperthermic neuronal failure and cell death 60
(Tryba, 2004) provides a window of opportunity for the pro-
tection ol neural function until return to normal temperatures.
The 1inventors of the subject invention have surprisingly and
unexpectedly discovered that inhibition of cGMP-dependent
protein kinase (PKG) pathway mediates rapid (within less 65
than three minutes) protection 1n nervous systems under ther-
mal stress. As shown 1n the Examples, both genetic and phar-

6

macological manipulations performed by the mnventors dem-
onstrate that there 1s a negative relationship between PKG
activity and thermotolerance.

The pharmacological intervention of the present invention
provides immediate and significant protection to neurons
enduring thermal stress. The invention involves the use of
pharmacological inhibitors of the cGMP-dependent protein
kinase (PK(G) which regulates potassium channel conduc-
tances.

The 1nventors further demonstrate through the Examples
that the pathway providing thermoprotection 1s not sensitive
to PKA.

Within the context of the present invention, neural thermo-
protection means providing one or more of the following
elfects:

increasing the temperature at which neural function
becomes abnormal;

increasing the time to abnormal neural function when
exposed to heat;

reducing the precursor symptoms of neural failure (such as
arrhythmias); and

reducing the time to recovery from abnormal neural func-
tion after treatment.

The rapid induction of neural thermoprotection via PKG
mampulations 1 two divergent insect species suggests a
widely conserved mechanism, and specifically that future
rapid treatments of neural failure during hyperthermic and
tebrile episodes in humans that involve PKG pathway
mampulation.

While other treatments for hyperthermia provide some
neural thermoprotection, their modes of action are different
than that of the present ivention. Having i1dentified a nar-
rowly defined physiological pathway for intervention pro-
vides greater scope for future development of more narrowly
targeted pharmaceutical agents with potentially fewer side
elfects.

This invention provides protection as great as the known
slow-acting treatments, and may provide more complete neu-
ral thermoprotection 1n some cases. The composition of the
present invention may have one or more of the following
advantages, as compared to known hyperthermic treatments:

The increase i temperature at which neural function
becomes abnormal 1s as great as that provided by slow-
acting treatments.

The increase in time to neural failure 1s as great as or greater
than with other treatments (1.¢. invention delays neural
shut-down when the orgamism 1s under heat stress,
allowing patient to stay alive and unharmed 1n higher
temperatures. )

The reduction 1n precursor abnormalities failure 1s as great
as or greater than with other treatments.

The reduction 1n time to recover from neural failure 1s as
great as or greater than with other treatments (1.€. 1nven-
tion shortens neural recovery time following thermal
stress, hastening patient’s physiological recovery.)

The present invention involves a neural thermoprotective
composition that includes a pharmacological inhibitor of the
PKG pathway. The inventors of the subject application have
surprisingly and unexpectedly discovered that a pharmaco-
logical inhibitor of the PKG pathway can provide neural
thermoprotection within 3 minutes aiter administration to the
neurons.

A number of pharmacological inhibitors of the PKG path-
way are known; these inhibitors effect different points 1n the
enzyme pathway.

A pharmacological inhibitor of the PKG pathway suitable
for the present invention, may be a PKG inhibitor, for
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example: K'T3823; (Rp)-8-bromo-PET-cyclic GMPS (Gua-
nosine 3',5'-cyclic Monophosphorothioate, 3-Phenyl-1,N=-
ctheno-8 -bromo-, Rp-Isomer); (Rp)-8-pCPT-cylic GMPS,
TEA (Guanosine 3',5'-cyclic Monophosphorothioate, 8-(4
-Chlorophenylthio)-, Rp-Isomer, Triethylammonium Salt);
Rp-8-Br-cGMPS, Na (Guanosine 3',5'-cyclic Monophospho-
rothioate, 8-Bromo-, Rp-Isomer, Sodium Salt); D'T-3, Anten-
napedia Homeodomain (43-38)-W45 fusion protein (the pro-
tein mnhibitor consisting of the Antennapedia homeodomain
tused with protein inhibitor W45, with the amino acid for-
mula RQIKIWFOQNRRMKWKK-LRKKKKKH); DT-2,
HIV1-TAT-W45 fusion protein (the protein inhibitor consist-
ing of the Human Immunodeficiency Virus 1 Membrane
Translocation Sequence (47-59) tused with protein inhibitor
W45, with the amino acid formula YGRKKRRQRRRPP-
LRKKKKKH) and the protein ihibitor having the amino
acid formula RKRARKE.

These PKG pathway inhibitors are commercially avail-
able; a leading supplier 1s Calbiochem (EMD) Biosciences.

The pharmacological inhibitor may be a ¢cGMP-specific
antagonist, 1.¢. a suitable antagonist might stimulate the activ-
ity of PDES5 or PDE9 in the breakdown of cGMP.

The pharmacological inhibitor may be an 1inhibitor of K+
ion channel function.

The pharmacological inhibitor may be a protein phos-
phatase inhibitor. Suitable protein phosphatase inhibitors
include, for example, Okadaic acid, Microcystin, Calyculin,
and Cantharidin (Hexahydro-3a,7a-dimethyl-4,7-epoxy-
1sobenzoluran-1,3 -dione).

The pharmacological inhibitor may be a sGC inhibitor, for
example, 4H-8-Bromo-1,2,4-oxadiazolo(3,4-d)benz(b)(1,4)
oxazin-1-one (NS 2028), 1H-[1,2,4]Oxadiazolo[4,3-a]qui-
noxalin-1-one (ODQ) or 6-Anilino-3,8-quinolinequinone
(LY83583).

It will be recognized by those of skill 1n the art that certain
of the alorementioned 1nhibitors are known 1n certain forms
to have toxic effects, which must be addressed through for-
mulation of the thermoprotective composition, as 1s known to
those of skill in the art.

The neural thermoprotective composition of the present
invention 1s suitable for treating a number of medical condi-
tions including heat stroke; 1schemia-induced hyperthermia;
op1o1d (1.e. morphine) or anaesthetic induced hyperthermaia;
tebrile seizure; and pre-existing conditions predisposing to
hyperthermia, such as familial Malignant Hyperthermia
(MH).

The manner of admimistering the thermoprotective compo-
sition of the present invention to a patient 1s not specifically
restricted, and various methods will be readily apparent to
persons skilled in the art. The thermoprotective composition,
for example, could be delivered by injection or intravenously
to a patient suifering from hyperthermia. The compound
could be taken orally. This would be particularly suitable
where 1t 1s taken as a prophylactic. For example, the compo-
sition could be used as an oral prophylactic to prevent heat
stroke 1n emergency or military personnel who must work 1n
the heat.

Where the term “patient” 1s used 1n the present specifica-
tion, 1t will be understood to include both human and non-
human patients, including animals and plants.

While this invention has been described with reference to
illustrative embodiments and examples, the description is not
intended to be construed 1n a limiting sense. Thus, various
modifications of the illustrative embodiments, as well as
other embodiments of the mvention will be apparent to per-
sons skilled 1n the art upon reference to this description. For
example the modification of inhibitors to improve solubility
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8

and cell permeability through packaging with modifying
agents such as Membrane Translocation Proteins, esterifica-
tion such that the esterified compound passes through lipid
membranes and 1s converted into the active form 1n the cell by
constitutive esterases, and the use of alternative salts of acid
or basic compounds to improve solubility, stability, or buifer
pH changes are apparent to persons skilled in the art upon
reference to this description as means of improving stability,
solubility, and delivery to the cell of the pharmacological
inhibitors.

All publications, patent and patent applications referred to
herein are icorporated by reference 1n their entirety to the
same extent as 11 each individual publication, patent or patent
application was specifically and individually indicated to be
incorporated by reference 1t 1ts entirety.

EXAMPLES

Example 1

D. Melanogaster Experiments:

The foraging (for) gene in Drosophila melanogaster
encodes a cGMP-dependent protein kinase (PKG) (Osborne,
K. A. et al., 1997). Evoked synaptic transmission was mea-
sured at the neuromuscular junction (NMJ) of 3" instar for-
aging larvae in both high and low PKG activity strains (for”
and for®* respectively).

FIGS. 1A and 1B illustrate hyperthermic failure of evoked
excitatory junction potential (EJP) failure at the NMJ (N>5
for all genotype and treatment combinations). Increased tem-
perature sensitivity ol evoked synaptic transmission corre-
lated with genotype, where significant differences were found
across groups (F ;4 100,=76.95,p<0.001). The mvolvement of

PKG activity was verified using pharmacological agents to
activate PKG (40 uM 8-Bromo ¢GMP), inhibit PKG (1 uM

KT3823) or inhibit a PKG phosphorylation target PP2A (1
uM Cantharidin). A combination of 8-Bromo ¢GMP and
Cantharidin was also used, demonstrating that Cantharidin
likely acts downstream of PKG activation. Letters in histo-
gram bars represent statistical groupings using a post-hoc
test, whereby bars with ditferent letters are significantly dif-
terent (Tukey p<t0.05). Error bars represent SEM.

Thus, both genetic and pharmacological manipulations
demonstrate that there 1s a negative relationship between
PKG activity and thermotolerance at the D. melanogaster

larval NMJ.

962 hr. for aging for® and for™* 3" instar D. melanogaster
larvae reared on a yeast-sugar-agar medium at 24+1° C. under
12L.: 12D light cycle were pinned on a glass dish, and dis-
sected to reveal segmental muscles and their corresponding
nerves. Nerves in segment 3 or 4 were stimulated via a suction
clectrode, and the corresponding excitatory junction potential
(EJP) recorded from muscle 6 with an intracellular electrode
(40-80 MC2). The preparation was superfused with HL-6
saline with 1 mM [Ca**]_and heated at a rate of ~5° C./min.
from room temperature (23° C.) to synaptic failure. Prepara-
tions treated with the PKG inhibitor KT3823 or the cGMP
analogue 8-bromo-guanosine 3',5'-cyclic monophosphate
(8-br-cGMP) were bathed with the compound of interest for
5> min. prior to starting the superfusion of saline. KT5823 was
dissolved 1n DMSO for a 0.2% (v/v) concentration in saline
during treatment. for** was generated on a for™ genetic back-
ground.

FIGS. 1 to 2 illustrate hyperthermic failure of both behav-
iour and NMJ synaptic transmission in 3" instar for”, for* and
for*™ Drosophilia larvae.
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As shown 1n FIG. 2, higher temperature at behavioral fail-
ure of mouth hook movement 1s correlated with genotype:
for” failed at 38.2° C.x0.3 (N=10), for’ failed at 38.8° C.+0.5
(N=11) and for’* failed at 39.6° C.+0.3 (N=11). Significant
differences were found across groups (F , »,=5.82, p=0.009)

where asterisks denote significant differences using a post-
hoc test (Tukey, p<<0.05).

Example 2

L. Miratoria Experiments

To determine if the thermoprotective consequences of
PKG manipulations also apply to central circuitry and motor
pattern generation, the thermotolerance of the ventilatory
pattern generator was measured (Robertson, R. M. 2004) of
the locust, Locusta migratoria. (25 nl.) of 1 uM K'T5823 was
pressure 1njected into the neural circuit for ventilation 10
minutes before increasing temperature and thermoprotection
and rapid recovery of the circuit was observed (FI1GS. 3,4, 5).
Additionally, one 25 nLL dose of KT35823 was injected into
untreated animals during the temperature ramp only 3 min.
before failure and an extremely rapid and equally pronounced
thermal protection of the circuit was observed (FIG. 3; Pre-
treated controls (N=6) and acutely treated controls (IN=3)
significantly differ from the 1 uM KT5823 pretreated (N=8)
and acutely treated animals (N=3)). Ventilatory arrhythmias
(Arr) 1n untreated animals prior to hyperthermic failure are
rarely seen in preparations treated with the PKG 1nhibitor
(FIG. 4.). At failure, temperature was returned to room tem-
perature and time to recovery recorded. Pretreated controls
recover after 180.2+x42.4 sec whereas K'13823-pretreated
amimals recover after 62.3+13.4 sec. After recovery, the ven-
tilatory motor patterns exhibit a slower rhythm than just prior
to failure because the temperature 1s lower at this time point.
Once ventilatory pattern failure occurs during a temperature
ramp, heating was terminated and the motor pattern was
monitored until recovery. Pretreated (25 nl of saline [control]
or KT5823 10 min. before temperature ramp; N=6) and
acutely treated (25 nl of saline [control] or KT5823~3 mun.
betore failure during temperature ramp; N=3) controls took
significantly longer to recover compared to the pretreated

(N=8) and acutely treated (N=5) K'T5823 animals (FIG. 5).

When the PKA 1nhibitor RP-cAMP was used and com-
pared with controls, no significant differences 1n failure tem-
perature or recovery time was seen (data not shown). Inter-
estingly, robust rhythms with few arrhythmias occur until
tailure in KT5823-treated preparations (11%) compared with
controls (60%). Furthermore, rapid thermoprotection via
PKG 1nhibition was comparable to the gradually induced

protective effects of previously reported heat shock pretreat-
ments (FI1G. 6).

Male locusts aged 4-6 weeks were dissected and pinned on
a cork board; overlying tissue was removed exposing the
metathoracic ganglion. Standard locust saline was superfused
and heated at a rate of 5° C./2 min. until motor pattern failure,
alter which saline was allowed to return to room temperature.
Ventilatory motor patterns were monitored using an EMG
clectrode on muscle 161 1n the second abdominal segment.
Pressure 1njection (32+13.5 nl., 10 psi, 150 ms) mto the
ventilatory neuropil was with a glass microelectrode filled
with either 1 uM KT5823 1n standard locust saline or locust
saline alone (sham treatment) 10 min. (pretreated) before, or
during (acutely treated; ~3 min. before failure 1n controls) the
temperature ramp. Injection of K'T3823 had no acute effecton
ventilatory rhythm frequency, burst duration or duty cycle
(data not shown).

FIGS. 7 to 8 illustate hyperthermic failure of locust venti-
latory motor pattern generation. FIG. 8 illustrates sample
traces of the ventilatory rhythm recorded from an abdominal
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expiratory muscle in a control locust. The ventilatory arrhyth-
mias prior to failure should be noted. At failure, temperature
was allowed to return to room temperature and time to recov-
ery was recorded. The ventilatory motor pattern after recov-
ery 1s at a lower frequency than just prior to failure because
the temperature 1s lower. As shown 1n FIG. 7A, reduction in
either PKG activity (1 uM KT5823) or PP2A activity (1 uM
Cantharidin) increased the thermotolerance of neural func-
tion. Activation of PKG using 40 uM 8-Bromo ¢cGMP did not
increase the thermotolerance of the circuit, but abolished the
protective effects of heat shock preconditioning. However,
the PP2A inhibitor Cantharidin counteracted the effect of
8-Bromo ¢cGMP in HS animals thereby inducing maximal
thermotolerance. —.cAMP, +cGMP and +Canth correspond to
CAMP mhibitor (1 uM Rp-cAMP), cGMP agonist (40 uM
8-Bromo c¢cGMP) and PP2A inhibitor (1 uM Cantharidin).
Significant differences were found across all groups
(ANOVA F 4 155)=13.160, p<0.001). As 1illustrated 1n FIG.
7B recovery time of the motor pattern upon return to room
temperature showed corresponding differences i1n the same
treatment groups (short recovery times were associated with
high failure temperatures 1n 7A). Here too significant ditfer-
ences were found across all groups (ANOVA F o5 4,=8.63,
p<<0.001) N>5 for all treatments. Letters 1n histogram bars
represent statistical groupings whereby bars with different
letters are significantly different using a post-hoc test (Tukey,
p<<0.05). Error bars represent SEM.
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What 1s claimed 1s:

1. A method of providing neural thermoprotection to a
patient 1 need thereof comprising administering to said
patient 1n need of neural thermoprotection an amount of a
pharmacological inhibitor of the PKG pathway effective to
conier said protection upon said patient.

2. The method according to claim 1 wherein the neural
thermoprotection results from a reduction 1n potassium 1on
channel conductances.

3. The method according to claim 1, wherein providing
neural protection includes providing at least an effect selected
from the group consisting of:

increasing the temperature at which neural function

becomes abnormal; increasing the time to abnormal
neural function when exposed to heat; reducing the pre-
cursor symptoms of neural failure; reducing the time to
recovery from abnormal neural function after treatment,
wherein the abnormal neural function includes heat
stroke, 1schemia-induced hyperthermia, opioid or
anaesthetic induced hyperthermia, febrile seizure, or
pre-existing conditions predisposing to hyperthermia.

4. The method according to claim 3, wherein reducing the
precursor symptoms of neural failure involves reducing
arrhythmias.

5. The method according to claim 3, wherein the pharma-
cological inhibitor of the PKG pathway provides neural ther-
moprotection within 3 minutes after neural administration.

6. The method according to claim 3, wherein the pharma-
cological inhibitor of the PKG pathway 1s a PKG 1nhibitor.

7. The method according to claim 6, wherein the pharma-

cological inhibitor 1s selected from the group consisting of:
KT5823;

(Rp)-8-bromo-PET-cyclic GMPS;

(Rp)-8-pCPT-cylic GMPS, TEA;

Rp-8-Br-cGMPS, Na;

DT-3, Antennapedia Homeodomain (43-58)-W45 fusion

protein;

DT-2, HIV1-TAT-W45 fusion protein,

and mixtures thereof.

8. The method according to claim 3, wherein the pharma-
cological inhibitor 1s a cGMP-specific antagonist.

9. The method according to claim 3, wherein the pharma-
cological inhibitor ihibits K+ 1on channel function.

10. The method according to claim 3, wherein the pharma-
cological inhibitor 1s a protein phosphatase inhibitor.

11. The method according to claim 10, wherein the protein
phosphatase inhibitor 1s selected from the group consisting of
Okadaic acid, Microcystin, Calyculin, and Cantharidin.

12. The method according to claim 3, wherein the pharma-
cological inhibitor 1s a sGC 1nhibitor.

13. The method according to claim 12, wherein the phar-
macological inhibitor 1s selected from the group consisting of
4H-8-Bromo-1,2,4-oxadiazolo (3,4-d) benz(b)(1,4)oxazin-
l-one, 1H-[1,2,4]Oxadiazolo  [4,3-a]quinoxalin-1-one
(ODQ) or 6-Anilino-5,8-quinolinequinone.

14. The method according to claim 3, wherein the abnor-
mal neural function 1s opioid induced hyperthermia and the
op1oid 1s morphine.

15. The method according to claim 3, wherein the abnor-
mal neural function 1s a pre-existing condition predisposing
to hyperthermia and the condition 1s familial Malignant

Hyperthermia (MH).
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